A summary of results of a femtosecond optical parametric oscillator driven by a diode-pumped, all-fibre mode-locked laser system is given. In addition, a number of parametric oscillator devices with enhanced capabilities including extended tuning ranges throughout the infrared with greater spectral control and frequency tuning agility are described.
INTRODUCTION
The synchronously pumped optical parametric oscillator (SPOPO) has undergone major developments in the past decade. Quasi-phase-matched nonlinear materials, such as periodically poled lithium niobate (PPLN) and the availability of higher pump power have led to SPOPO demonstrations with enhanced capability including extended tuning ranges throughout the infrared with greater spectral control and frequency tuning agility. High-power fibre laser systems are an emerging technology for compact, robust and stable generation of femtosecond pulses. Their power levels have now converged with the power levels needed for efficient frequency conversion in quasi-phase-matched nonlinear materials 1 . The combination of these two technologies is seen as an attractive method for producing broadly tunable ultrashort pulses at high power levels.
In this paper, we summarize results of a SPOPO driven by a diode-pumped, all-fibre mode-locked laser system operating with femtosecond pump pulses and discuss the advantages that this power-scaling method provides for demonstrating a number of broadly tunable optical sources. gain and bandwidth. Finally, the intensity damage threshold dependence on pulsewidth (I damage ∝ τ -1/2 ) permits femtosecond-pulse operation at higher peak pulse intensity compared with nanosecond-pulse OPO systems.
SPOPO DRIVEN BY A MODE-LOCKED FIBRE LASER
The femtosecond pump source used for the initial experiments is configured as a Yb 3+ -doped fibre master oscillator power amplifier (MOPA) system, as shown in Fig. 1 . It consists of a mode-locked Yb 3+ -doped fibre oscillator, a Yb 3+ -doped fibre amplifier chain and a diffraction grating pulse compressor. Additional details of the master oscillator are given in reference 8. Briefly, mode-locked operation is achieved using the intensity dependent, nonlinear polarization rotation in the Yb 3+ -doped fibre as a fast saturable absorber, with a semiconductor saturable absorber mirror also incorporated into the cavity to facilitate reliable self-start mode-locking. The pulse energy is increased to ~8nJ by fibre amplifiers using the parabolic-pulse solution to the nonlinear-Schrˆdinger equation 9 . In this scenario, ultrashort pulses amplified in a fibre amplifier evolve asymptotically towards a configuration with a parabolic temporal and spectral profile. These parabolic pulses are of immediate practical application because they have a strictly linear chirp, which permits the use of a diffraction grating compressor to produce high-quality < 300fs pulses. For the initial experiments described here, this all-fibre laser system generated 270fs (FWHM) pulses at a repetition rate of 54MHz, with a maximum average power of 1.5W. Due to the low reflectivity of the diffraction gratings available in the pulse compressor a reduced average power of 400mW was delivered to the nonlinear medium of the SPOPO. An operating pump wavelength of 1.056µm was used for these experiments. The time-bandwidth product of the pump source was measured to be 0.65 (bandwidth FWHM, ∆λ = 9.0nm and the assumption of a Gaussian pulse shape).
The SPOPO investigated in this work is configured as a singly-resonant, standing-wave resonator (Fig. 1) , with high reflectivity at signal wavelengths for three of the mirrors, and signal output taken from a plane output coupler. A 5mm-long, antireflection coated PPLN crystal with grating periods ranging from 29.8µm to 30.8µm is used in these experiments. Different wavelength regions are obtained by lateral translation of the crystal to access different grating periods. The crystal is held in an oven at temperatures above 100 o C to minimize photorefractive effects. The pump beam is focused to a waist spot size (1/e 2 radius of intensity), of 21µm at the centre of the PPLN crystal, giving essentially confocal focusing (pump-focusing parameter, ξ p , the ratio of crystal length to confocal parameter, is 0.9). The curved cavity mirrors (radius of curvature = 100mm) define a spot size for the resonated signal of 22µm, hence the corresponding signal-focusing parameter, ξ s , is 1.3.
An oscillation threshold of 21mW average pump power was achieved for a signal wavelength of 1.7µm in the case of a cavity with a high reflector in place of the output coupler. Using an output coupling reflectivity of 63%, and an average pump power of 400mW incident on the PPLN crystal, a maximum signal output of 95mW at 1.7µm was measured, corresponding to a signal conversion efficiency of 23% (Fig. 2) . The slope efficiency for the signal beam with respect to pump power was 28%. Without any deliberate attempt at active stabilization, e.g. of the SPOPO cavity length, the variation in average output power over several hours was measured to be < 4%. Temperature tuning of the PPLN crystal (from ~100 o C to 160 o C) for each grating period provided broadly tunable signal output over the wavelength range 1.55µm to 1.94µm. The tuning behaviour was in agreement with predictions of the temperature-dependent Sellmeier equation 10 . The corresponding idler tuning range was 2.32µm to 3.31µm, although direct measurements of the idler wavelength and power were not made. The signal pulse duration was measured using a two-photon intensity autocorrelation method, and found to be 330fs (FWHM, for an assumed Gaussian pulse shape) at a signal wavelength of 1.7µm (∆λ = 22nm (FWHM)). A more detailed description of the results from this work can be found in reference 1.
Current research at the ORC Southampton, has demonstrated power scaling of high-power Ytterbium (Yb 
ENHANCED CAPABILITY FROM POWER SCALING OF SPOPOs
The high parametric gain provided by the intense ultrashort pump pulses combined with highly nonlinear materials such as periodically poled lithium niobate paves the way for demonstrations of novel broadband sources with added versatility in resonator configuration. This section summarizes the results of a number of experiments which demonstrates the enhanced capability that power scaling of SPOPOs can provide.
Spectral control and tuning agility of a SPOPO using a diffraction grating
One benefit of operating with high parametric gain is the ability to introduce lossy elements into the cavity to enhance the performance of the optical source without suffering a significant loss of efficiency. The diffraction grating is one such element that can provide simple, agile tuning with good spectral control but introduces considerable insertion loss (typically 10-20% for a bulk grating). We have conducted a thorough investigation of the operating characteristics of a picosecond SPOPO with a diffraction grating as the tuning element. Our SPOPO in these experiments is configured as a standing wave resonator (see Fig. 3 ) which includes a 19mm-long PPLN crystal, held at a temperature of 165 o C, with grating periods between 28.5 and 30.5µm. The pump source, an additive-pulse mode-locked Nd:YLF laser (Microlase DPM-1000-120, λ = 1.047 µm), provides a train of 4 ps pulses at 120 MHz, which is coupled into a Q-Peak amplifier module (MPS-1047 CW-10 with output coupler removed), used in a double-pass configuration, to deliver up to 5.0 W of average pump power to the PPLN crystal. A plane diffraction grating used in the Littrow configuration acts as a retro-reflecting mirror, so that rotation of the grating provides agile tuning of the signal and idler wavelengths, within the gain profile fixed by the PPLN period. The grating has 600 lines/mm, blaze angle 33.95° for use in first order at 1.85 µm, and the grating efficiency (power reflectivity in the plane polarized perpendicular to the grating grooves for the Littrow condition) was measured to be within the range 82-94 % over the whole signal tuning range (1.466-2.094µm).
In an initial paper, emphasis was given on the gratingís use to allow singly-resonant operation to be maintained very close to degeneracy, by virtue of its strong discrimination against idler feedback 11 . More recently, we studied the general performance characteristics over a wider tuning range and at higher average-power levels and higher gains 5 . We achieved transform-limited pulses of 5ps duration with an average power of 2W in a diffraction-limited beam. The threshold obtained using the diffraction grating was typically 7 times greater than when replaced with a high reflector. However, the optical efficiency (40%) operating at a pump power 5 times above threshold and the slope efficiency (50%) were not significantly reduced by the gratingís insertion loss. Our work also identified other benefits conferred by the grating. Firstly, it suppresses the cavity-length-dependent change of signal frequency that occurs in a SPOPO without a frequency-selective component. It also suppresses other cavity-length-dependent effects, such as pulse compression, which would contribute to variation in output characteristics if the cavity length were not controlled. Finally, it suppresses any additional frequencies created via other nonlinear processes driven by the high pulse intensities. We have also considered, in detail, the effectiveness of using a diffraction grating for the femtosecond regime and have concluded that successful operation is expected with suitable selection of the gratingís bandwidth to match that of the pulse bandwidth. The peak intensity on the grating in these picosecond-pulse experiments (190kW/cm 2 ) is several orders of magnitude below the damage threshold and highlights the power-scaling potential of this technique. We have found therefore, that inclusion of the grating under high-gain situations will make for more reliable operation with ësingle-knobí tuning throughout the IR.
Cadmium Selenide SPOPO
Another important capability linked to availability of high pump power, is the development of practical picosecond and femtosecond sources covering a very extensive range of the mid-infrared, perhaps 8-12µm initially, and ultimately 8-20µm. The proposed route chosen involves a PPLN SPOPO used to tandem-pump a Cadmium Selenide (CdSe) SPOPO. In an initial experiment, demonstrating the feasibility of this approach, the SPOPO source described in Section 4.1 was used to launch ~800mW of signal power into a CdSe crystal (see Fig. 3 ) 12 . The PPLN signal wavelength range chosen was 1.85-1.97µm, designed to meet the constraints imposed by the mirror and CdSe crystal coatings available to us. Operating this close to the degeneracy of the PPLN OPO meant that the use of grating feedback was essential. The operating threshold of the CdSe SPOPO was achieved with 250mW of pump. Tuning of the CdSe SPOPO was achieved simply by tilting the feedback grating of the PPLN SPOPO, i.e. a very practical scheme involving one tuning knob. Idler output was tuned over the range 9.1-9.7µm, this representing the longest wavelengths generated from a continuously operating SPOPO. Idler output powers of up to 10mW were incident on the power meter, but the generated power was in fact as much as 70mW, most being lost at non-optimized coatings. There were no signs of any thermally induced problems nor of damage to the CdSe and its coatings.
These results confirm the practicality of the route we have identified for long wavelength generation via SPOPOs. The absence of thermal or damage problems, the practical tuning scheme, and the efficient operation all indicate considerable further potential for power-scaling, and for extending the tuning range beyond what we have so far demonstrated. By including another branch of the CdSe phase-matching curve, tuning should continuously cover the range from 8-20µm . Some increase in the pump power (a factor of 3-4 is calculated) will be needed for this, but the other experiments conducted in this program have indicated the feasibility of achieving that. 
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Long wavelength operation of a PPLN SPOPO
Given the very high gain that can be achieved in a PPLN SPOPO, it is possible to extend operation of these devices into the region of strong idler absorption, i.e. to idler wavelengths that extend well beyond the accepted IR-absorption edge, which is usually taken to be ~5µm. While accepting that this scheme results in reduced idler powers compared with performance when free from idler absorption, nevertheless its simplicity, retaining the scheme of a conventional PPLNbased SPOPO, is an attractive feature. Power levels are sufficient for various spectroscopic applications. With a pump power of 3.4W at the PPLN crystal, we were able to extend the tuning range from the ~6µm that we had achieved in earlier experiments out to a record 7.25µm 13 . Sufficient idler output was available (see Fig. 4 ) to allow measurement of idler output beam characteristics, confirming the capability for essentially diffraction-limited performance as expected. On the basis of these results, significant further increases in idler output power and tuning limit are anticipated once the ORCs recently developed 25W fibre source 4 is use as the pump. 
CONCLUSIONS
In conclusion, a summary of results has been presented which seeks to demonstrate a practical route for high-power broadly tunable optical sources with enhanced capabilities. Firstly, a SPOPO based on PPLN, driven by a diodepumped, all-fibre, femtosecond laser source was described. The performance characteristics presented here confirm the practicality and power-scaling potential of using a compact and robust fibre laser system to synchronously pump a PPLN OPO. Secondly, the high parametric gain achieved from using ultrashort pulses combined with highly nonlinear materials such as PPLN has paved the way for demonstrations of a number of novel broadband sources with enhanced capability. By using a grating as a feedback element in a SPOPO we achieved proper control over the tuning and spectral behaviour of the device. This has been a key element in our success with the CdSe OPO. Our demonstration of the freedom of CdSe from thermal or damage problems, by using ultrashort pulses, indicate a clear route to tunability out to 20µm. Extended mid-IR wavelength operation of a PPLN OPO into the region of high idler absorption was successfully demonstrated with further increases in idler output power and tuning limit anticipated using high power fibre pump sources. In a further collaborative experiment with ETH Zurich, SPOPOs with fibre feedback have been shown to provide a robust and flexible technique which is clearly appropriate for high average signal powers, so far to the ~19W level 7 . This set of experimental results clearly demonstrate the benefits of having increased pump powers and together with the ability of PPLN to withstand considerably higher pump powers in the femtosecond regime reinforces the positive message on the power-scaling of SPOPOs.
